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Abstract 
A new efficient and low-cost method to fabricate multilayer ordered nanodot array is developed. In this method, firstly, 
a 2D nanodot array is fabricated by combination of Nano Plastic Forming (NPF) patterning of Au layer coated on the 
substrate and thermal dewetting induced self-organization. Then, multilayer ordered Au nanodot array is fabricated by 
repeating SiO2 deposition and Au deposition followed by thermal dewetting. Feasibility of this process was verified 
experimentally. The absorbance spectra of the fabricated ordered Au nanodot arrays show strong localized surface 
plasmon resonance (LSPR) with narrow bandwidth. It is shown that the absorbance spectra of a 2D nanodot array can 
be tuned by controlling annealing temperature. It is also found that intensity of the absorbance spectrum increases 
linearly with the increase of the number of layers. This enhanced absorbance gives rise to great potential in biosensing 
devices. 
 
© 2012 The Authors. Published by Elsevier B.V. Selection and/or peer-review under responsibility of Professor Mamoru Mitsuishi 
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1. Introduction 
Metallic nanodots have been attracting more and more 
scientific attention due to their wide range of 
applications in plasmonics [1], surface-enhanced 
fluorescence (SEF) [2], biological imaging [3], 
biosensing [4] , medicine[5] and photothermal therapies 
[6]. For example, a nanodot array of noble metals such 
as Au or Ag exhibits specific plasmonic properties. The 
localized surface plasmon resonance (LSPR) occurs in 
metal particles when electrons on the nanodots are 
excited by a specific wavelength of incident light. The 
position of the LSPR peak and the plasmon spectrum 
shape are highly dependent on the effective size and 
shape of the dots, and it also depends on the nanodot 
arrangement and interparticle spacing as well as the 
surrounding dielectric medium [7-8]. This tuneable 
LSPR is actively exploited and applied in biosensing 
fields. For another application, Ag or Au nanodot arrays 
are utilized as substrates in surface-enhanced Raman 
scattering (SERS) [9-10]. Raman spectroscopy is a 
specific technique used to detect and identify molecules. 
The uniformity and regularity of the nanodot arrays are 
very important for SERS substrates. In addition, the 
sensitivity of the SERS substrate is greatly affected by 
the plasmonic properties of the nanodot arrays [11-12]. 
Also metallic nanodots can be used as efficient contrast 
agents in bio-imaging. It is reported that highly-ordered 
Au nanodot arrays on a transparent substrate can be 
utilized for the visualization and adhesion of living cells 
[3]. Based on these requirements in various applications, 
efficient methods to fabricate ordered nanodot array are 
eagerly desired. 
Nanodot arrays are generally fabricated either by EB-
lithography based nano-patterning or by chemical 
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processes based on self-assembly. Another simple 
method for the fabrication of nanodot arrays is based on 
the dewetting process of thin metal films on a substrate.
However, conventional EB-lithography needs costly 
facilities and stringent processes. Self-assembly methods 
cannot control the regularity and uniformity of dots
adequately. In order to address these problems, we have 
developed a new method to fabricated 2D nanodot arrays 
by combination of NPF and thermal dewetting [13-14].
In this method, various process conditions including
pitch-setting, annealing time and annealing temperature
can be controlled to investigate the plasmonic properties
of the nanodot array [15]. It is found that the tunability 
of LSPR can be achieved by controlling the process
conditions. In this paper, we develop the fabrication 
method of 3D nanodot array based on self-organization
method by thermal dewetting [16]. In this process, the 
2D ordered nanodot array is first fabricated on a 
substrate, and then by utilizing the 2D nanodot array as a 
template, its regularity and uniformity are transferred to
the dot array on the upper layers. The optical properties
of multilayer ordered metallic nanodot array are
experimentally studied. The enhancement of absorbance
in three dimensional nanodots is confirmed.
2. Experimental processes
Figure 1 shows the fabrication process of a multilayer 
nanodot array examined in this paper. Firstly, a 2D 
ordered Au nanodot array was fabricated on a quartz 
glass substrate by the combination process. As shown by
Fig. 1 (a), this process comprises three steps. (1) The 
substrate is a quartz glass plate of 12 12 1 mm in size.
Its surface was finished to the optical flat by the maker. 
The substrate was deposited with Au by a DC sputter 
coater after it was cleaned by ultrasonic in an acetone
bath. The sputtering gas was argon (Ar), and pressure
was 15Pa. The distance between the specimen and the
Au target was 35mm. Sputtering time was adjusted so 
that the thickness of the Au film became 10nm. (2) A 
square grid of nano grooves was patterned by NPF on 
the deposited Au film. Details of the equipment are 
explained in previous papers [13-14]. A single crystal 
diamond knife-edge tool was used for the experiment. Its
width is 1.5mm, and its edge angle is 60 degrees. Its
edge is ground very sharp, and the edge radius is around
50nm. Firstly, a series of parallel nano grooves was
fabricated on the metal film by indenting the diamond
tool. Then, the specimen was rotated laterally for 90
degrees, and another series of parallel grooves were 
indented again on the prepatterned grooves. Distance of 
the grooves was 200 nm in this experiment, and a square
groove grid was fabricated on the metal film. (3) The
specimen was annealed under ambient atmosphere in an 
electric furnace. By this process, a thin Au film was
aggregated into nanodots by self-organization 
mechanism.
Secondly, multilayer nanodot structure was fabricated 
by the process shown in Fig.1 (b). (4) SiO2 spacer layer 
was deposited on the first layer nanodots by using a RF-
sputter coater. The sputtering gas was Ar, and the
pressure was 10 Pa. The thickness of the SiO2 spacer 
layer was controlled by adjusting the coating time. (5)
Au was coated on the SiO2 spacer layer. (6) The
specimens were annealed without NPF grid patterning.
(7) A multilayer nanodot array was fabricated by 
repeating above mentioned steps from (4) SiO2
deposition to (6) annealing.
(a)First layer nanodots fabrication
(b)Multilayer nanodots fabrication
Fig.1 Schematic diagram of 3D nanodot array fabrication process
The morphology of the dots array was observed by 
using a field-emission scanning electron microscope
(FE-SEM, JSM-6301F JEOL). As for observation of 
cross-section, the specimen was machined by focused
ion beam (FIB) etching normal to the surface of the
specimen, and then it was observed by the FE-SEM from 
inclined direction of 50 degree above the specimen. To 
investigate the optical property of the fabricated 
nanodots, ultraviolet-visible (UV-vis) absorbance spectra 
were measured by using a spectrometer (BAS SEC2000).
The wavelength range of the spectrum was selected over 
400-850nm.
3. Results and discussions
3.1. Optical properties of single layer nanodot array
Figure 2 shows the FE-SEM micrographs of Au 
nanodot array fabricated by NPF and thermal dewetting.
In this series of experiments, the specimen was annealed 
at different temperatures from 400 to 800 for 10
min. The morphology of the dots varies with
temperature. In Fig. 2(a), when the temperature is 400 ,
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the square grid pattern aggregates from the corners of 
the square, round cornered square shape is formed. 
When the temperature is increased, the shape changes as 
the aggregation proceeds. In Fig. 2(c), when the 
temperature is 700 , the dots become circular. When 
the temperature becomes 800  in Fig. 2(d), the dots 
with higher circularity are formed. 
Figure 3 shows the variation of mean diameter of dots 
against annealing temperatures. It is found that the 
average diameter of nanodots decreases with increase of 
annealing temperature. The standard deviation of 
nanodots also decreases with increase of annealing 
temperature.  
 
    
(a) 400                                                (b) 500  
    
(c) 700                                                (d) 800  
 
Fig. 2 FE-SEM micrographs of morphology of ordered Au nanodot 
array with various annealing temperature for a fixed pitch of 200nm 
 
 
 
Fig. 3 Variation of mean diameter of ordered Au nanodot array against 
annealing temperature for a fixed pitch of 200nm. 
 
Figure 4 shows the absorbance spectra of the ordered 
Au nanodot arrays with various annealing temperatures. 
For all cases, unique spectral peaks due to the LSPR can 
be found in a range of 500-700 nm wavelengths. It is 
found that the position of the absorbance peak is 
dependent on the annealing temperature. The spectra 
show a clear shift to the shorter wavelength as the 
dewetting temperature increases.  
Figure 5 displays a plot of LSPR peak wavelength and 
the full width at half maximum (FWHM) of the spectra 
versus annealing temperatures. It is confirmed that the 
peak wavelength became shorter for 115 nm when the 
annealing temperature was elevated from 400  to 
800 . This is because the size of the dots decreased and 
the shape became more circular by the temperature 
increases. In addition, the bandwidth became narrower 
by the temperature increases. This is attributed to good 
uniformity of dot size and shape generated by high 
annealing temperature. For instance, the bandwidth is 
about 100 nm at 800 . This narrow bandwidth reflects 
that the resonance energy for plasmon is highly 
concentrated at the peak wavelength [17].  
From the results shown above, it is clearly shown that 
LSPR is very sensitive to the shape and size of nanodots. 
Control of morphology of a nanodot array by thermal 
annealing is an efficient method to tune the optical 
properties. 
 
       
A
bs
or
ba
nc
e
Wavelength [nm]
Annealing at 400 degree for 10min
Annealing at 500 degree for 10min
Annealing at 600 degree for 10min
Annealing at 700 degree for 10min
Annealing at 800 degree for 10min
400 500 600 700 8000
0.2
0.4
0.6
0.8
1
1.2
1.4
 
 
Fig. 4 Absorbance spectra of ordered Au nanodot array with various 
annealing temperatures for a fixed pitch of 200nm 
 
 
 
Fig. 5 Variation of spectral peak and bandwidth (FWHM) of ordered 
Au nanodot array against annealing temperature for a fixed pitch of 
200nm 
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3.2. Optical properties of multilayer nanodot array
Figure 6 shows SEM images of the first, second and
fourth layer nanodot array fabricated by the proposed 
method. Fig. 6(a) shows a well ordered nanodot array on 
the first layer. Fig. 6(b) and Fig. 6(c) show that nanodots
on the second and upper layer are aligned on the same 
grid pattern as the first layer dot array. The regularity
and uniformity of the first layer nanodot array can be 
transferred by controlling the conditions adequately. Fig.
6 (d) shows the cross section of the four layer nanodot 
array. The white region is Au, while the dark region is 
SiO2. The upmost layer is the Au layer deposited to
maintain conductivity for the FIB machining. It is
confirmed that good vertical alignment of four layer 
nanodots is obtained.
(a)                                              (b)
(c) (d)
Fig. 6 FE-SEM micrographs of morphology of first (a), second (b) and 
fourth layer ordered Au nanodot array (c) and cross section of four 
layer nanodot array(d)
Figure 7 shows the corresponding spectra of one layer, 
two layer, three layer and four layer nanodot arrays. The 
solid curves show the spectra of ordered nanodot array,
while the dashed curves show the spectra of random 
nanodots. It is clearly shown that the ordered nanodot
array exhibit much stronger plasmon resonance than the
random dots array.
Figure 8 shows variation of the peak wavelength and
bandwidth (FWHM) against the number of layers. They
are kept virtually unchanged regardless of the number of 
the layers. The bandwidth (FWHM) is between 100nm
and 150nm. The absorbance intensity against number of 
layers is plotted in Fig. 9. It is found that the absorbance
of the nanodot array increases almost linearly with
increase of the number of layers. This is attributed to the
good regularity and uniformity of the nanodots in each
layer. From the results, it is expected that enhancement 
of absorbance can be achieved by fabricating more
multiple layers of ordered nanodots.
4. Conclusion
The optical properties of one layer and multilayer 
ordered Au nanodot array are experimentally studied via 
using the nanodot structures fabricated by NPF and 
thermal dewetting. It is found that the ordered nanodot 
array exhibits intense LSPR peak and the tunability of 
LSPR can be achieved by controlling the fabrication 
conditions such as annealing temperatures. The
enhancement of absorbance in multilayer nanodots is 
confirmed.
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Fig. 9 Variation of absorbance intensity against number of layers 
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